Reactions of the tetranuclear mixed-metal clusters ReM3(CO)13(µ3-thpymS) (1, M = Os; 2, M = Ru; thpymSH = tetrahydropyrimidine-2-thiol) with PPh3 are examined. At room temperature reaction between 1 and PPh3 in the presence Me3NO leads to the formation of mono-and bis-phosphine substituted clusters ReOs3(CO)12(PPh3)(µ3-thpymS) (3) and ReOs3(CO)11(PPh3)2(µ3-thpymS) (4). Cluster 3 also reacts with PPh3 under similar conditions to give 4. In contrast, a similar reaction between 2 and PPh3 furnishes only the monophosphine substituted clusters ReRu3(CO)12(PPh3)(µ3-thpymS) (3). All the new clusters have been characterized by analytical and spectroscopic data together with single crystal X-ray diffraction for 1, 3 and 5.
Introduction
Research on mixed-metal clusters has been spurred by the possible cooperative reactivity as a result of having two or more metal centers with different chemical properties in close proximity [1, 2] , which offer attractive perspective in stoichiometric and catalytic transformations [3] [4] [5] [6] . Heterometallic systems may also combine the catalytic features of different metals to give novel reactivity that is inaccessible by homometallic systems [7] . We have reported systematic synthesis of a number of mixed-metal carbonyl clusters containing heterocyclic thiolate ligand(s) in the past few years [8] [9] [10] [11] [12] [13] [14] [15] [16] . For example, the Group 7/8 mixed-metal clusters of the general formula MM′3(CO) 13(µ3-L) [M = Mn, Re; M′ = Os, Ru;
L-H = nitrogen containing heterocyclic thiol] can be readily obtained from the direct reaction between M′3(CO)10-x(NCMe)x (x = 0, 2) and M2(CO)6(µ-L)2 in moderate to good yield (Scheme 1). The metallic core of these mixed-metal clusters forms a butterfly skeleton where the Group 7 metal (Mn or Re) always occupies a wingtip position [10] [11] [12] [13] [14] [15] [16] . The heterocyclic thiolate ligand is facially located on the convex side of the butterfly core that contains the Group 7 metal, but recent studies showed that it can also be shifted to the other face of the convex side by heating as shown in Scheme 1 [16] . 12 Os 3 (CO) 10 Clusters having a butterfly arrangement of metal atoms are considered intermediate between tetrahedral and square-planar clusters [17, 18] which have been studied as intermediates in homogeneous catalytic processes [18, 19] , and also considered as a model for chemisorption of small molecules [20] . Although the MM′3(CO)13(µ3-L) type butterfly clusters are relatively easy to prepare, studies on their reactivity toward various substrates has been almost neglected [12, 13] . Tertiary phosphines (PR3) are an important class of ligands in 3 organometallic chemistry as their steric and electronic properties can easily be tuned in a systematic and predictable way over a very wide range by varying the R group(s) and they are also capable of stabilizing an exceptionally wide variety of metal complexes. Now we have investigated the reactions of two such mixed-metal clusters namely ReOs3(CO)13(µ3-thpymS) (1) and ReRu3(CO)13(µ3-thpymS) (2) with PPh3, the results of which will be reported herein.
Experimental

General procedures
All the reactions were carried out under a nitrogen atmosphere using standard Schlenk techniques unless otherwise noted. Reagent-grade solvents were dried using appropriate drying agents and distilled prior to use by standard methods. Clusters 1 and 2 were prepared according to the published procedures [16] . PPh3 was purchased from Sigma-Aldrich and used without further purification. Me3NO·2H2O was dried by azeotropic distillation using benzene with Dean-Stark distillation equipment. Products were separated in the air by TLC plates coated with 0.25 mm of silica gel (HF254-type 60, E. Merck, Germany). Infrared spectra were recorded on a Shimadzu IR Prestige-21 spectrophotometer. NMR spectra were recorded on a Varian Unity 500 NMR spectrometer. All chemical shifts are reported in δ units and are referenced to the residual protons of the deuterated solvent ( 1 H) and external 85% H3PO4 ( 31 P) as appropriate. Elemental analyses were performed by the Microanalytical Laboratories of Wazed Miah Science Research Centre at Jahangirnagar University.
Reaction of ReOs3(CO)13(µ3-thpymS) (1) with PPh3
Me3NO (6 mg, 0.084 mmol) was added to a CH2Cl2 solution (20 2052m, 2010vs, 2005sh, 1976s, 19655w, 1936m, 1913m 
Conversion of 3 to 4
A CH2Cl2 solution (10 mL) of 3 (20 mg, 0.014 mmol), Me3NO (1 mg, 0.014 mmol) and PPh3
(4 mg, 0.015 mmol) was stirred at room temperature for 2 h. A similar work up and chromatographic separation described above afforded 4 (16 mg, 69%) after recrystallization from hexane/CH2Cl2 at 4 °C.
Reaction of ReRu3(CO)13(µ3-thpymS) (2) with PPh3
A CH2Cl2 solution (20 mL) of 2 (40 mg, 0.041 mmol), PPh3 (22 mg, 0.084 mmol) and Me3NO (6 mg, 0.084 mmol) was stirred at room temperature for 1 h. The solvent was removed under reduced pressure and the residue separated by TLC on silica gel. Elution with hexane/CH2Cl2 (7:3 v/v) developed six bands. The first and second bands were unconsumed PPh3 and 2, while the fourth band yielded ReRu3(CO)12(µ3-thpymS)(PPh3) (5) (28 mg, 56%)
as red crystals after recrystallization from hexane/CH2Cl2 at 4 °C. The contents of the other three bands were too small for complete characterization. Nylon Loop and the diffraction data were collected at 150(1) K using Mo-Kα radiation (λ = 0.71073). Unit cell determination, data reduction, and absorption corrections were carried out using CrysAlisPro [21] . The structures were solved with the ShelXS [22] structure solution program by direct methods and refined with ShelXL [23] (for 1) or XL [22] (for 3) refinement package using least squares minimisation within the OLEX2 [24] graphical user interface. Non-hydrogen atoms were refined anisotropically, and hydrogen atoms were included using a riding model. The selected crystal of 5 was attached to a MiTeGen loop by
Apiezon H grease and mounted on a Rigaku Mercury375R/M CCD (XtaLAB mini) diffractometer using graphite monochromated Mo-Kα radiation (λ = 0.71073) at 293(2) K.
Data collection and subsequent data processing were performed using the available diffractometer software Crystal Clear (Rigaku). The data were corrected for Lorentz and polarization effects. The structure was solved by direct methods (SHELX-97) [25] and expanded by Fourier techniques. All non-hydrogen atoms were refined anisotropically and the hydrogen atoms were included using a riding model. Pertinent crystallographic parameters are given in Table 1 .
Results and discussion
Solid-state structure of 1
Few years ago, we have reported the butterfly clusters ReOs3(CO)13(µ3-thpymS) (1) and ReRu3(CO)13(µ3-thpymS) (2) synthesized from the reactions between Re2(CO)6(µ-thpymS)2 and Os3(CO)10(NCMe)2 or Ru3(CO)12 [16] . The solid-state molecular structure of 2 was also reported by us at that time, while we were unable to grow single crystals of 1 which was eventually characterized by elemental analysis and spectroscopic data only. Fortunately, we have obtained single crystals of 1 during the present study and carried out single crystal Xray diffraction studies, the results of which are shown in Fig. 1 . As expected, the molecule consists of a butterfly core of four metal atoms with the rhenium at a wingtip position. [12, 13] . The and bond distances
Reactions of 1 and 2 with PPh3: Synthesis of phosphine-substituted mixed-metal clusters
Me3NO initiated reactions between 1 and PPh3 at room temperature led to the isolation of mono-and bis-phosphine substituted clusters ReOs3(CO)11(µ-CO)(PPh3)(µ3-thpymS) (3) and ReOs3(CO)11(PPh3)2(µ3-thpymS) (5) in 25 and 46% yield, respectively, after chromatographic separation and workup. In separate experiments, we also found that 3 converted in to 4 upon treatment with PPh3 under similar conditions (Scheme 2). The mono-phosphine substituted cluster 3 has been characterized structurally together with spectroscopic methods. The solid-state molecular structure of 3 is depicted in Fig. 2 with the captions containing selected bond lengths and angles. The cluster core is made up of four metal atoms, a rhenium and three osmium atoms, in its core making a butterfly skeleton where rhenium occupies a wingtip position. The thpymS ligand is facially located on its convex side in such a way that it is bonded to rhenium using one of the ring nitrogen atoms and bridges the hinge metal atoms through sulfur. The PPh3 ligand occupies one of the equatorial positions of the wingtip osmium as observed in the analogous cluster ReOs3(CO)12(PPh3)(µ3-pyS) (pySH = 2-mercatopyridine) [13] . The incoming phosphine ligand usually occupies one of the equatorial positions in M3(CO)12 (M = Os, Ru, Fe) to avoid nonbonding interaction with the axial carbonyls bound to other metal centers at the same face. But in these butterfly clusters, the carbonyls axially bonded to the hinge metals on their convex side had been removed by the bridging sulfur ligand. This factor together with the butterfly arrangement of the metal core makes enough space in these clusters for a phosphine ligand to be axially bound to the wingtip Group 8 metal on their convex side as observed in ReOs3(CO)12(PPh3)(µ3-mbt) (mbtH = 2-mercatobenzothiazole) [12] (Chart 1).
The triosmium wing of the butterfly in 3 [Os (1) [13] and ReOs3(CO)12(PPh3)(µ3-mbt) [12] .
The solid-state structure of 3 persists in solution. The pattern of the IR spectra of 3 is very similar to that reported for analogous ReOs3(CO)12(PPh3)(µ3-pyS) [13] Cluster 4 has been characterized by elemental analysis and spectroscopic data since repeated attempts to grow single crystals of this cluster were unsuccessful. The IR spectrum of 4 are very similar to those reported for crystallographically characterized analogous clusters ReOs3(CO)11(PPh3)2(µ3-pyS) [13] and ReOs3(CO)11(PPh3)2(µ3-mbt) [12] which contains two In contrast, we were able to isolate only the mono-phosphine substituted cluster ReRu3(CO)12(PPh3)(µ3-thpymS) (5) in 56% yield from a similar reaction between 2 and PPh3.
No bis-phosphine substituted tetranuclear butterfly cluster was isolated from this reaction.
Cluster 5 has also been characterized by IR and NMR spectroscopic data together with single crystal X-ray diffraction analysis. The solid-state molecular structure of 5 is shown in Fig. 3 , selected bond lengths and angles being listed in the caption. Akin to 3, the cluster contains a butterfly core of four metals, three ruthenium atoms and a rhenium, with rhenium occupying a wingtip position. The location as well as the coordination mode of the thpymS ligand are also similar i.e., it bridges the hinge ruthenium atoms using the sulfur while coordinates to phosphine. The interplanar angle of the butterfly in 5 is 161.1° which is slightly greater than that observed in the parent cluster 2 (159.5°) [16] and the Ru-P bond distance of 2.3827 (15) Å found in 5 is within the range reported in literature [9, [26] [27] [28] The solution spectrocopic data of 5 indicates that the solid-state structure persists in solution. We also treated 5 with PPh3 under similar conditions in order to obtain the ruthenium analog of 4, but this resulted in the breakdown of the tetranuclear core. Two products were isolated from that reaction and their IR and NMR spectra were not very informative. Repeated attempts to grow singe crystals of these products were also unsuccessful. However, the 1 H and 31 P{ 1 H} NMR spectral data shows that none of these products contains two PPh3 ligands as observed in 4. The interplanar angle of the butterfly observed in 3 (161.2°) and 5 (161.1°) are almost identical, so we may rule out the steric factor for this discrepancy in their reactions with PPh3. The real reason remains obscure from the present study and further works on their reactivity towards phosphines having different steric and electronic properties are currently ongoing in our laboratory to figure out the reason behind this discrepancy.
Conclusions
In summary, we have investigated the reactions of two tetranuclear mixed-metal butterfly clusters ReM3(CO)13(µ3-thpymS) (1, M = Os; 2, M = Ru) with PPh3 in the presence of Me3NO. Reaction between 1 and PPh3 afforded two phosphine-substituted clusters ReOs3(CO)12(PPh3)(µ3-thpymS) (3) and ReOs3(CO)11(PPh3)2(µ3-thpymS) (4). In monosubstituted 3, the incoming PPh3 ligand occupies one of the equatorial coordination sites of the wingtip osmium, while the second PPh3 ligand is bound to one of the hinge osmium atoms in bis-substituted 4. Cluster 3 also reacted with PPh3 under similar conditions to give 4 which indicates the sequential formation of mono-and bis-phosphine substituted clusters during the reaction. In contrast, a similar reaction between 2 and PPh3 afforded only the monphosphine substituted cluster ReRu3(CO)12(PPh3)(µ3-thpymS) (5) . Attempts to synthesize the ruthenium analogue of 4 were unsuccessful which we suggest is due to the breakdown of the tetranuclear core when 5 was treated with PPh3 under similar conditions.
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